[1] Sawtooth events in the Earth's magnetosphere are global, large-amplitude oscillations of energetic plasma particle fluxes at geosynchronous orbit and represent periodic magnetospheric substorms with a typical period of $3 hours. Sawtooth events generally occur during magnetic storms, when the magnetosphere is continuously driven by southward interplanetary magnetic field and high-speed solar wind stream. However, it has not been well understood how the magnetotail parameters (the total pressure, the lobe magnetic field, and the tail lobe total magnetic flux) at the onset of sawtooth events are related to the solar wind driver. In this study, we conduct a statistical analysis of the magnetotail parameters measured by the Geotail satellite during sawtooth events over [1998][1999][2000][2001][2002][2003][2004][2005][2006]. At the onset of sawtooth events (storm-time substorms), the magnetotail total pressure and the lobe magnetic field increase with the solar wind pressure and merging electric field, and the total magnetic flux in the tail lobe increases with the merging electric field. Empirical formulas of the relationship of the magnetotail parameters at the sawtooth onset and the solar wind are derived for the first time. We have made a superposed epoch analysis. The magnetotail total pressure and lobe magnetic field take 52 min for gradual buildup and then 26 min for rapid increase before the sawtooth onset, and they decrease for 77 min after the onset. We have also compared our results with previous studies on quiet time tail behavior and isolated substorms. The magnetotail total pressure at the sawtooth onset is about three times that of the quiet time magnetotail, and the lobe magnetic field at the sawtooth onset is 8-10 nT higher than the quiet time value. The results imply that the sawtooth onset occurs when the magnetotail reaches a critical state and that the critical state depends on the solar wind parameters. Our findings provide new insights into the storm-time magnetospheric dynamics and important guidance for model simulations.
Introduction
[2] Sawtooth events in the Earth's magnetosphere are global, large-amplitude oscillations of energetic plasma particle fluxes at geosynchronous orbit. The plasma particle fluxes show a well-defined ''sawtooth'' shape, with gradual decreases followed by rapid increases. Very similar variations of electron and proton fluxes are detected nearly simultaneously over a large local time range on the nightside. In early studies [Borovsky et al., 1993; Belian et al., 1995] , the recurrent injections of the plasma particle fluxes at geosynchronous orbit were termed periodic substorms. Huang [2002] and Huang et al. [2003b] have found that each plasma particle flux injection is related to a magnetic reconnection onset in the midtail and plasmoid formation. Huang et al. [2003a Huang et al. [ , 2003b Huang et al. [ , 2004 Huang et al. [ , 2005 , Reeves et al. [2003] , Lee et al. [2004] , Lui et al. [2004] , Clauer et al. [2006] , Henderson [2004] , and Henderson et al. [2006a Henderson et al. [ , 2006b have analyzed multiple space-based and ground-based instrumental measurements of sawtooth events. These studies show that each cycle of sawtooth oscillations includes an injection of energetic plasma particles from the tail to the inner magnetosphere, a magnetic dipolarization of the magnetotail, and all other signatures of substorms. The region of dispersionless flux injections during sawtooth events can extend to the dayside [Huang et al., 2003a [Huang et al., , 2003b [Huang et al., , 2005 Henderson et al., 2006a Henderson et al., , 2006b , in contrast to the flux injections of quiet time substorms that are mostly limited to the midnight sector. Sawtooth oscillations often occur periodically with a typical period of $3 hours. Some investigators suggested that sawtooth events are driven by extremely strong solar wind and that periodic substorms are driven by relatively weak (but still strong) and continuously southward interplanetary magnetic field (IMF). However, sawtooth events have all well-known characteristics of magnetospheric substorms, and it is becoming widely accepted that sawtooth events are periodic substorms.
[3] A sawtooth event is a series of individual tooth events, and each individual tooth represents one substorm. The substorm activity during sawtooth events can last many cycles under continuous southward IMF conditions. The first cycle is often related to a solar wind pressure impulse, but the subsequent cycles often occur without obvious change in the solar wind. In other words, the substorm onset during sawtooth events does not require external trigger. Similarly, isolated substorms can also occur without external triggers [Henderson et al., 1996] , although many isolated substorms are indeed correlated with IMF northward turning and/or solar wind pressure enhancement [McPherron et al., 1986; Lyons et al., 1997; Hsu and McPherron, 2003] .
[4] Huang et al. [2003a Huang et al. [ , 2004 suggested the following scenario to explain the generation of periodic substorms. Magnetospheric substorm processes have an intrinsic cycle time of $3 hours. The magnetosphere takes $3 hours after one substorm onset to reach the state for the next onset to occur. Each cycle of the periodic substorms can occur under stable IMF and solar wind conditions, and the onset does not have to be triggered by either a northward IMF turning or a solar wind pressure impulse. A sudden change in the solar wind can trigger a substorm onset if and only if the magnetosphere has reached the critical state conducive to the generation of substorms. In the case of no external triggering from the solar wind, substorms will still occur when the magnetosphere has reached the unstable state, and an internal plasma instability can trigger substorm onsets.
[5] Substorms can be divided into two categories according to the geomagnetic activity: the quiet time isolated substorms and storm-time substorms. The magnetosphericionospheric disturbances (such as the plasma particle flux injections at geosynchronous orbit, magnetotail magnetic dipolarization, AL index, and auroral intensity) associated with storm-time substorms are generally much stronger than those of isolated substorms. It was speculated whether the magnetospheric dynamics of storm-time substorms are different from quiet time substorms. Baumjohann et al. [1996] found that the magnetic field dipolarization and the earthward convection in the near-Earth tail are much more pronounced for storm-time substorms than for nonstorm substorms. McPherron and Hsu [2002] compared the two types of substorms and concluded that the differences between the various classes are the absolute value of the lobe field and the size of the changes. When the data are normalized to unit field amplitude, the percent change during storm-time and non -storm-time substorms is nearly the same. Henderson et al. [2006a Henderson et al. [ , 2006b showed that most of the sawtooth injections are predominantly caused by unusually large and longitudinally extended substorms. During sawtooth events, each tooth is associated with a wider-than-usual, dispersionless injection region, and a localized auroral onset develops on the lower branch of a thinned double-oval distribution. Cai et al. [2006] analyzed ionospheric potential patterns and found that in terms of ionospheric electrodynamics, the sawtooth events have features similar to those of isolated substorms, though larger in spatial extent and in magnitude. Pulkkinen et al. [2006 Pulkkinen et al. [ , 2007 modeled the magnetospheric current system during storm-time sawtooth events. They found that the tail field behavior resembles that of nonstorm substorms and concluded that the sawtooth events do not represent a specific class of magnetospheric activity. DeJong et al. [2007] found that the polar cap open magnetic flux during sawtooth events is, on average, 1.5 times the flux during isolated substorms and steady magnetospheric convection (SMC) events.
[6] An outstanding problem in the study of substorms is whether the magnetotail reaches a critical point prior to the onset of a substorm. Substorms are often described as an energy loading-unloading process Baker et al., 1996] . The solar wind energy is stored in the magnetotail during the growth phase of substorms, the substorm onset occurs when the magnetosphere reaches a critical state, and the energy in the magnetotail is released during the expansion phase. Kamide [2003, 2004] found that the magnetic field in the magnetotail just prior to the substorm expansion onset correlates well with the Dst index and that the magnetotail total pressure values at the substorm onset are distributed near the upper limit of all data (including nonsubstorm data and substorm events). Shukhtina et al. [2004] derived the quantitative relationship among the magnetotail parameters (the lobe magnetic field, flaring angle, and tail radius) and solar wind parameters for different magnetospheric states, including the substorm onsets, steady magnetospheric convection, and quiet periods. Shukhtina et al. [2005] showed that the total magnetic flux in the magnetotail at the substorm onset is linearly correlated with the merging electric field integrated over 60 min prior to the onset. These studies concentrate on quiet time isolated substorms.
[7] Sawtooth events generally occur during magnetic storms when the magnetosphere is continuously driven by southward IMF. The magnitudes of the southward IMF and solar wind velocity during storm times are much larger than those at quiet times. Although previous studies have shown that the characteristics of storm-time sawtooth events are qualitatively similar to those of quiet time substorms, it is still unknown whether the magnetospheric state at the onset of sawtooth events is the same as that for quiet time substorms. In this study, we conduct a statistical analysis of sawtooth events measured by the Geotail satellite and use a method similar to that described by Kamide [2003, 2004] to find the critical magnetospheric state. Our purpose is to find what the magnetospheric parameters (the magnetotail total pressure, the lobe magnetic field, and the total magnetic flux in the tail lobe) at the onset of sawtooth events are, how these critical magnetospheric parameters are related to the solar wind driver and to possible internal driving mechanism, and whether the critical magnetospheric condition for the onset of sawtooth events is different from that for isolated substorms.
Observations

An Example of Sawtooth Events
[8] We first present an example of sawtooth events. This case occurred during the magnetic storm on 17-20 April 2002. Figure 1a shows the solar wind dynamic pressure and the IMF B z component measured by the Advanced Composite Explorer (ACE) satellite located at $220 R E during 18 April 2002. The solar wind data have been shifted to the Earth's bow shock nose with the minimum variance analysis technique developed by Weimer et al. [2003] . In all cases analyzed in this paper, the solar wind and IMF data have been A04204
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shifted to the bow shock nose with the above technique and are presented in the GSM coordinate. As can be seen in Figure 1a , the solar wind pressure showed an enhancement around 0100 UT and then became small after 0500 UT, and the IMF B z was continuously negative and stable for the entire day.
[9] Figure 1b displays the proton flux measured by the LANL-02A and 1994-084 geosynchronous satellites. The energy channels of the proton flux are 50-75, 75-113, 113-170, 170 -250 , and 250 -400 keV. The variations of the proton flux show a well-defined sawtooth-like shape, with a gradual decrease followed by a sudden increase. The sawtooth events on 18 April 2002 have been analyzed in detail by Huang [2002] , Huang et al. [2003b Huang et al. [ , 2005 , and Henderson et al. [2006a] . The gradual decrease of the proton flux occurs when the magnetotail becomes more stretched during the growth phase of substorms, and the sudden increase of the flux corresponds to the flux injection from the tail to the inner magnetosphere at the expansion onset. The sawtooth-like variations of the flux represent a series of substorms with a period of $3 hours. In this paper, we use the same criteria to identify sawtooth events as those of Cai et al. [2006] and Cai and Clauer (Investigation of the period of sawtooth events, manuscript submitted to Journal of Geophysical Research, 2009): At least one geosynchronous satellite is located around local noon (3 MLT hours from local noon) and one around local midnight (3 MLT hours from local midnight), and the plasma particle flux injection is observed globally. The vertical dotted lines in Figure 1b denote the times of the flux injections (substorm onsets).
[10] Shown in Figure 1c are the magnetotail magnetic field and total pressure measured by the Geotail satellite. In this study, all magnetotail data were measured by the Geotail satellite. The magnetic field data have a time resolution of 3 s [Kokubun et al., 1994] , and the plasma particle data have a time resolution of 12 s [Mukai et al., 1994] . During the entire day of 18 April 2002, the Geotail satellite was located in the midtail, and the GSM coordinate of Geotail was between (À22.19, 13.83, 12.49) and (À29.32, 4.56, 8.55) R E . Because of the position in the Z axis, Geotail was in the northern lobe. In Figure 1c , the magnetic field strength and magnetotail total pressure are given by B T = (B x 2 + B y 2 + B z 2 ) 1/2 and P T = B T 2 /2m 0 + N i k(T i + T e ), where N i is the ion density and T i is the ion temperature. We take T e = T i /7 in the calculations of the total pressure [Baumjohann, 1993; Shukhtina et al., 2004] .
[11] The magnetic field shows a very regular periodic variation with a period of $3 hours, which is caused by the periodic generation of plasmoids in the midtail. The detailed characteristics of the plasmoids in this case have been analyzed by Huang [2002] . According to the near-Earth neutral line model of magnetospheric substorms Baker et al., 1996; Nagai et al., 1998 ], magnetic reconnection occurs in the tail between À20 and À30 R E on the closed field lines of the central plasma sheet at the onset of a substorm. The reconnection creates a structure of closed magnetic loop which is termed the plasmoid. After the lobe reconnection begins, the plasmoid is released and travels tailward at high speeds (500-1000 km s À1 ). In Figure 1c , the magnetic field strength increases before each substorm onset, the spike in the magnetic field strength after the onset represents the lobe magnetic field compressed by the plasmoid moving tailward through the satellite [Slavin et al., 1984; Taguchi et al., 1998 ], and then the field strength decreases. The magnetotail total pressure shows similar periodic variations. Because Geotail was in the lobe, the total pressure in the magnetotail in this case is essentially the magnetic pressure.
[12] The Geotail satellite was continuously in the magnetotail during the long-lasting magnetic storm of 17 -20 April and moved into the plasma sheet on 20 April. Geotail was located between (À25.10, À6.43, 1.32) and (À17.30, À11.09, 1.13) R E during 0000 and 1200 UT on 20 April. Plotted in the right column of Figure 1 are the solar wind pressure and IMF B z (Figure 1d ), the proton flux at geosynchronous orbit (Figure 1e ), and the magnetic field strength and magnetotail total pressure in the plasma sheet measured by Geotail (Figure 1f ) on 20 April. The vertical dotted lines denote the flux injections (substorm onsets). In this case, Geotail provided the measurements of the plasma sheet parameters during the sawtooth event.
Magnetotail Parameters at the Onsets of Sawtooth Events
[13] The purpose of this paper is to conduct a statistical analysis of the magnetotail parameters at the substorm onset and their relation with the solar wind during sawtooth events. We searched the plasma particle flux data measured by the LANL geosynchronous satellites over 9 years (1998 -2006) and found 107 sawtooth events during which there are 431 individual teeth in total. We then searched the Geotail satellite data and found 33 sawtooth events with 101 individual teeth during which Geotail was in the magnetotail with X < À8 R E . These 101 teeth (substorms) occurred during magnetic storms, and the mean value of the Dst index at the substorm onsets is À68 nT. All statistical analysis given below is based on the 101 substorms. Considering that the magnetotail parameters vary with time, we averaged the Geotail data over 5 min prior to each onset of the substorms and use the averaged value to represent the parameters at the onset in the following statistics. In order to distinguish the difference between the sawtooth events and quiet time substorms, we use the term, ''sawtooth onset'', to represent the onset of the individual tooth (substorm) during sawtooth events.
[14] Figure 2 shows the magnetotail total pressure at the sawtooth onset as a function of the X distance and the radial distance R, respectively. Note that R = (X 2 + Y 2 ) 1/2 is the distance in the X À Y plane. This is not significantly different from (X 2 + Y 2 + Z 2 ) 1/2 because the orbit of Geotail is close to the equatorial plane. The magnetotail total pressure decreases with both the X distance and radial distance R, but the data are much better organized with R. The ion b, which is the ratio of the ion pressure to the magnetic pressure, b = N i kT i /(B 2 /2m 0 ), is often used to distinguish the different regions in the magnetotail. We assume that Geotail is in the plasma sheet for b > 0.1 and in the tail lobe for b 0.1 [e.g., Baumjohann et al., 1990; Mukai et al., 1996; Slavin et al., 2003 ]. There are 78 teeth when Geotail was in the plasma sheet (b > 0.1) and 23 teeth when Geotail was in the tail lobe (b 0.1). The plasma sheet and tail lobe events are displayed by dots and open circles, respectively, in Figure 2 . The plasma sheet events and lobe events do not show any noticeable difference in the distribution along R, which is because the plasma sheet pressure is balanced by the lobe pressure in the vertical direction. In the following, we will no longer separately consider the plasma sheet and lobe events, and the analysis will include all events.
[15] Figure 3a shows how the magnetotail total pressure at the sawtooth onset varies with the radial distance R. The black line is the data regression line derived with least squares fitting from our data set. The empirical formula of the magnetotail total pressure is given by
where P T is measured with nPa, and R is measured with R E . All empirical formulas derived in this paper are valid for 8 R E < R < 31 R E because the data were measured by Geotail in this range. The gray line in Figure 3a is the distribution of the magnetotail total pressure derived by Nakai and Kamide [2004] mostly for cases without substorms and may be used as the quiet time reference. Nakai and Kamide [2004] identified 37 isolated substorm events and found that the total pressure at the onset is near the upper limit of all data points. It is seen from Figure 3a that the magnetotail total pressure at the sawtooth onset is always higher than the quiet time pressure. If we use the regression lines for a comparison, the difference between the magnetotail total pressure at the sawtooth onset and the quiet time value varies from 0.72 nPa at 15 R E to 0.15 nPa at 30 R E , and the ratio of the total pressure at the sawtooth onset to the quiet time value varies from 3.2 at 15 R E to 2.3 at 30 R E .
[16] The equivalent lobe magnetic field at the sawtooth onset is plotted in Figure 3b . The equivalent lobe magnetic field is defined as B L 2 /2m 0 = B T 2 /2m 0 + N i k(T i + T e ) and includes the contribution of the plasma pressure. We will term it the lobe magnetic field for simplicity in the following. The data regression line can be expressed as
where B L is measured with nT. The gray line is derived by Fairfield and Jones [1996] from 11 different space craft over a 20-year period. The lobe magnetic field at the sawtooth onset in our cases is 8 -10 nT higher than that by Fairfield and Jones [1996] in the range of R = 15-30 R E .
Relationship of Critical Magnetotail Parameters to Solar Wind Driver
[17] We now study how the magnetotail total pressure and lobe magnetic field in the midtail vary with the solar wind. As identified by Nagai et al. [1998] , the magnetic reconnection site for substorms is between À20 and À30 R E . For stormtime sawtooth events, the magnetic reconnection may occur in a location closer to the Earth. Huang [2002] analyzed the detailed characteristics of the plasmoids during the sawtooth event on 18 April 2002 and found that the magnetic reconnection might occur around X GSM $ À20 R E . This inferred reconnection site is near the earthward end of the reconnection region derived by Nagai et al. [1998] . In the previous studies of isolated substorms, the magnetotail total pressure was normalized to 22.5 R E [Nakai and Kamide, 2004] , and the lobe magnetic field strength was normalized to 25 R E [Shukhtina et al., 2004] . We also normalize the magnetotail total pressure and lobe magnetic field at the sawtooth onset to [18] In Figures 4a and 4b , the normalized magnetotail total pressure at the sawtooth onset is plotted as a function of the solar wind dynamic pressure and merging electric field. The solar wind pressure is also averaged over 5 min prior to the sawtooth onset. In this study, we use the definition of the merging electric field,
sin 2 (q/2), given by Kan and Lee [1979] , where V SW is the solar wind velocity, B x and B y are the IMF components, and q is the IMF clock angle. The merging electric field is averaged over 60 min prior to the sawtooth onset; this 60-min interval presumably corresponds to the accumulation time of the flux in the tail for substorms [Bargatze et al., 1985; Shukhtina et al., 2004 Shukhtina et al., , 2005 . The gray line in Figure 4a is the quiet time magnetotail pressure derived by Nakai and Kamide [2004] . Plotted in Figures 4c and 4d is the normalized lobe magnetic field at the sawtooth onset, and the gray lines are derived by Shukhtina et al. [2004] for isolated substorms. It can be seen that the magnetotail total pressure and lobe magnetic field at the sawtooth onset are systematically higher than the values at the onset of isolated substorms and at quiet times.
[19] The normalized magnetotail total pressure and lobe magnetic field increase with the solar wind pressure and merging electric field, and the empirical formulas are as follows:
where P TN is measured with nPa, B LN is measured with nT, the solar wind pressure P SW is measured with nPa, and the merging electric field E m is measured with mV/m. The small difference in the constant terms are caused by the scatter of the data. The constant terms in P TN and B LN may be explained as the average value of the magnetotail pressure and lobe magnetic field at the equilibrium state, and the increase with the solar wind pressure and merging electric field represents the contribution from the solar wind.
[20] We examine how the normalized magnetotail total pressure and lobe magnetic field vary with the combination of the solar wind pressure and merging electric field. Here we write the combination of the solar wind pressure P SW and merging electric field E m as
We used many different values of a and d to calculate the minimum variance of the magnetotail parameters and found that the best pair is a = 0.75 and d = 1. The normalized magnetotail total pressure and lobe magnetic field are potted as a function of Q(P SW , E m ) in Figures 4e and 4f .
[21] It is obvious that the scatters of the normalized magnetotail total pressure and lobe magnetic field with respect to Q(P SW , E m ) are smaller than those with respect to the solar wind pressure or merging electric field separately. The regression lines are given by
B LN ¼ 23:9 þ 8:76 Â 10 À1 P 0:75
where P TN is in nPa, B LN is in nT, P SW is in nPa, and E m is in mV/m.
[22] We do not have an explanation as to why the variance of the magnetotail parameters becomes smaller for the function of Q(P SW , E m ) than that for the solar wind pressure or merging electric field. We do not know why the value 0.75 of the power of the solar wind pressure is better than other values (e.g., 0.25, 0.5, 1.0, 1.5, etc). In addition, the solar wind pressure in equations (10) and (11) is the value averaged over 10 min, and the merging electric field is the value averaged over 30 min. We tried different values averaged over 5, 10, 30, and 60 min and found that the 10-min averaged solar wind pressure and 30-min averaged merging electric field give the smallest variance. We also tried the function used by Shukhtina et al. [2004] for isolated substorm onsets and found that the variance is very close to those determined by equations (10) and (11). It is unclear whether there are better combinations of the solar wind parameters. These issues need further investigations.
[23] Another important parameter in the magnetosphere is the total magnetic flux stored in the tail lobe. The total flux can be written as F T = pR T 2 B L /2, where R T is the radius of the tail lobe and B L is the lobe magnetic field. We use the empirical formula of the tail radius derived by Shukhtina et al. [2004] to calculate the magnetic flux. Figure 5 shows the total magnetic flux as a function of the merging electric field. The gray line is derived by Shukhtina et al. [2005] for nonstorm substorms. We also calculated the total magnetic flux with the merging electric field averaged over 30 min and found that the result is almost the same as that with the 60-min averaged merging electric field. This is because the solar wind is often stable for many hours during sawtooth events, and the merging electric field, on average, does not change much from 30 to 60 min. It can be seen in Figure 5 that the total magnetic flux at the sawtooth onset is generally higher than that for isolated substorms (the gray line) and that the difference between sawtooth events and isolated substorms becomes larger as the merging electric field increases. where hP SW i is the mean value of the solar wind pressure and is 2.81 nPa in our data set. The pressure-corrected magnetotail total pressure and lobe magnetic field are plotted in Figure 6 , and the regression lines are given by Note that Dst 0 is in general negative during magnetic storms, so the magnetotail total pressure and lobe magnetic field increase with the magnitude of the corrected Dst index.
Epoch Analysis of the Evolution of Sawtooth Events
[25] We now use the epoch analysis to examine the evolution of the magnetotail total pressure and the lobe magnetic field during sawtooth events. There are 41 teeth (substorms) during which the Geotail satellite was inside the plasma sheet (b > 0.1) and located between À19 and À31 R E . The average values of the magnetotail total pressure and lobe magnetic field derived from the 41 substorms are plotted in Figures 7a and 7b . The epoch time is chosen to be the time of the sawtooth onset. Both the magnetotail total pressure and lobe magnetic field show minimum values 78 min before the onset and 77 min after the onset, as marked by the vertical dotted lines. The magnetotail total pressure and lobe magnetic field first increase gradually for 52 min and then rapidly for 26 min. The thick gray lines denote the different stages of the increase, and the vertical dashed line indicates the break of the two stages. If we assume that the interval of 155 min represents the cycle time of the sawtooth events, the gradual increase of the magnetotail pressure and magnetic field over the first 52 min, the rapid increase over the next 26 min, and the continuous decrease over 77 min after the onset may correspond to the recovery phase, growth phase, and expansion phase, respectively. However, it is not clear why the increase of the magnetotail pressure and magnetic field becomes faster during the growth phase than the recovery phase; this issue needs further investigations in the future.
[26] It should be indicated that the three distinct phases in the magnetotail total pressure and lobe magnetic field are caused by the substorm process but not directly by the variation of the solar wind. We plot in Figure 7c the average magnetotail total pressure, merging electric field, and solar The average solar wind pressure decreases during the period of 60 min before the onset time, and the average merging electric field decreases during the period of 26 min before the onset time. In contrast, the magnetotail total pressure, as well as the lobe magnetic field, increases continuously during these periods. Both the merging electric field and solar wind pressure do not have the three-phase characteristics.
Behaviors of Magnetic Field Strength in Magnetotail
[27] The equivalent lobe magnetic field B L includes the contribution of the plasma pressure and is different from the magnetic field strength B T . Here we show how the magnetotail magnetic field strength at the sawtooth onset behaves. In Figure 8a , B T is plotted as a function of the R distance, and the data regression (the gray line) can be expressed as
where B T is measured with nT. The black line in Figure 8a is the regression line of the lobe magnetic field B L . It can be seen that B L is generally larger than B T , especially for R > 15 R E . This is because the Geotail satellite is in the plasma sheet in most cases, so the contribution of the plasma pressure to B L is important. Similar to the practice for B L , we also normalize B T to the distance R = 25 R E and plot the normalized B T as a function of the solar wind pressure and the merging electric field in Figures 8b and 8c . We then use equation (13) to calculate B TNC and plot B TNC as a function Figure 7 . Superposed epoch of (a) the magnetotail total pressure and (b) the lobe magnetic field from 41 teeth (substorms) during sawtooth events. The pressure and magnetic field data were measured by the Geotail satellite between À19 and À31 R E . (c) Comparison of the variations of the normalized magnetotail total pressure, solar wind pressure, and merging electric field.
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of the corrected Dst index in Figure 8d . Compared with the B L data in Figures 3b, 4c , 4d, and 6b, the scatters of the B T data in Figure 8 are much larger.
Discussion
[28] We have examined the characteristics of the equivalent lobe magnetic field and total magnetic flux at the sawtooth onset. As can be seen in Figures 4c and 4d , the lobe magnetic field at the sawtooth onset is larger than that at isolated substorms [Shukhtina et al., 2004] . The lobe total magnetic flux for the sawtooth events in Figure 5 is also larger than the flux for isolated substorms [Shukhtina et al., 2005] . This difference may be caused by the IMF (or the merging electric field). The IMF is often strongly southward for many hours in sawtooth events but is generally small in isolated substorms. DeJong et al. [2007] calculated the polar cap open magnetic flux during isolated substorms, sawtooth events, and SMC events. They found that the maximum open flux during sawtooth events is larger than that for isolated substorms and SMC events, which is consistent with our results. We plan to compare the tail lobe magnetic flux with the polar cap open magnetic flux in the future.
[29] The temporal variation of the magnetotail parameters in our cases is consistent with the loading-unloading scenario of substorms Baker et al., 1996] . As shown in Figure 7 , the magnetotail total pressure and the lobe magnetic field rapidly increase during the growth phase of the substorms, indicating that the energy from the solar wind is stored in the magnetotail. The magnetotail total pressure and the lobe magnetic field decrease after the onset, indicating that the energy stored in the tail is released during the expansion phase.
[30] Magnetic reconnection in a near-Earth neutral line (NENL) is a widely accepted mechanism responsible for the generation of substorms Baker et al., 1996; Nagai et al., 1998 ]. In this scenario, magnetic flux is transferred from the solar wind to the magnetotail during the growth phase of substorms. As magnetic flux builds up in the tail lobe, the plasma sheet will thin to the scale of an ion Figure 8 . (a) The magnetotail magnetic field at the sawtooth onset as a function of the R distance. The normalized magnetic field at the sawtooth onset as a function of (b) the solar wind pressure, (c) the merging electric field, and (d) the pressure-corrected Dst index.
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HUANG AND CAI: MAGNETOTAIL PARAMETERS AT SAWTOOTH ONSETS gyroradius, and a global instability, the onset of magnetic reconnection, develops that allows closed field lines to return to the dayside. As described by Baker et al. [1996] , ''the onset of reconnection is attributed to growth phase thinning of the plasma and current sheet, and reduction in the vertical magnetic field through the current sheet. When some portion of the current sheet reaches an appropriate threshold, reconnection begins spontaneously at the center of the sheet.' Hesse [1996, 2001] and Hesse et al. [2001] simulated the magnetotail current disruption and plasmoid formation. The simulations included a thin current sheet in the near tail region and showed very rapid onset of magnetic reconnection.
[31] The magnetic field in the tail lobe is directly related to the current in the current sheet. If the magnetic reconnection for substorm onset occurs when the current sheet reaches a threshold, it is reasonable to assume that the lobe magnetic field also reaches a threshold. In this study, we have derived the magnetotail total pressure and lobe magnetic field at the sawtooth onset. These magnetotail parameters at the sawtooth onset should correspond to the threshold of the thin current sheet and represent the critical state at which the onset of magnetospheric substorms is about to occur.
[32] However, we cannot exclude the possibility that the substorm onset occurs when other different threshold, rather than the magnetotail total pressure/lobe magnetic field, is reached. More observational investigations and numerical simulations are required to justify whether the sawtooth onset occurs when the magnetospheric parameters reach the critical values derived in this study. In addition, it is not the purpose of this study to determine where the location of the NENL is and whether the NENL is triggered by a current disruption process closer to the Earth [Lui, 1996] , although our result is consistent with the NENL mechanism.
[33] It is important to note that the critical magnetospheric state at the sawtooth onset depends on the solar wind parameters. The magnetotail parameter (the total pressure, the lobe magnetic field, or the tail lobe magnetic flux) at the sawtooth onset is not a constant but varies with the solar wind pressure/merging electric field. The magnetotail total pressure and lobe magnetic field strength at the sawtooth onsets become higher for stronger solar wind driver.
[34] In fact, this property of the magnetosphere provides a clue for understanding a puzzling phenomenon in the sawtooth events. As reported in previous studies [Borovsky et al., 1993; Huang, 2002; Huang et al., 2003a Huang et al., , 2003b Huang et al., , 2004 Huang et al., , 2005 Henderson et al., 2006a Henderson et al., , 2006b , as well as shown in Figure 1 of this paper, the sawtooth events show a relatively constant period of $3 hours, although the solar wind driver can be significantly different. The rate of the energy transfer from the solar wind to the magnetotail is higher for stronger southward IMF, so the substorm onset would be expected to occur in a shorter time. In other words, the period of sawtooth events would become shorter for stronger solar wind driver. However, the lobe magnetic field/flux is not constant for all substorms. Instead, the occurrence of sawtooth onsets requires larger lobe magnetic field and total magnetic flux for stronger merging electric field. The amount of the total energy transferred into the magnetotail for the sawtooth onset to occur is greater for higher energy input rate and less for smaller energy input rate. As a result, the time for the magnetotail to reach the critical state is not necessarily shorter for higher energy input rate, and the period of sawtooth events is relatively constant regardless of the strength of the solar wind driver. Huang et al. [2003a] suggest that magnetospheric substorms have an intrinsic period of $3 hours and that the magnetosphere takes $3 hours after a substorm onset to reach the critical state for the next onset. The findings of this paper support the interpretation of Huang et al. [2003a] .
Conclusions
[35] We have conducted a statistical analysis of the magnetotail parameters measured by the Geotail satellite between À8 and À31 R E at the onset of storm-time substorms during sawtooth events. The major conclusions are as follows.
[36] (1) The magnetotail total pressure and the equivalent lobe magnetic field show a clearer trend with the radial distance than with the X distance. The magnetotail total pressure at the sawtooth onset is two to three times the pressure at quiet times. The lobe magnetic field at the sawtooth onset is 8-10 nT higher than the quiet time value.
[37] (2) The normalized magnetotail total pressure and lobe magnetic field at the sawtooth onset increase with the solar wind pressure, the merging electric field, and the magnitude of the corrected Dst index. The normalized lobe magnetic field at the sawtooth onset is higher than that at the onset of isolated substorms.
[38] (3) Superposed epoch analysis is used to derive the average characteristics of the temporal evolution of sawtooth events. The magnetotail total pressure and the equivalent lobe magnetic field increase gradually for 52 min and then rapidly for 26 min before the onset and decrease for 77 min after the onset. These three distinct intervals may represent the recovery, growth, and expansion phases of sawtooth events.
[39] (4) The results show that the sawtooth onset occurs when the magnetotail reaches a critical state. However, the critical magnetospheric state is not a constant but depends on the solar wind parameters. The lobe magnetic field and the total magnetic flux must reach a larger value for the onset to occur when the solar wind driver is stronger. Empirical formulas of the relationship between the critical magnetotail parameters at the sawtooth onset and the solar wind are derived. Our findings provide new insight into the storm-time magnetospheric dynamics and important guidance for model simulations.
Appendix A
[40] Here we list the empirical formulas at quiet times and at the onset of isolated substorms derived in previous studies; these formulas were used to compare with the magnetotail parameters at the sawtooth onset in this paper.
[41] The tail lobe magnetic field strength derived by Fairfield and Jones [1996, equation (2) where R is the radial distance and measured with R E . This formula was derived from the region À15 > X > À70 R E and used to plot the gray line in Figure 3b of our paper.
[42] The magnetotail total pressure derived by Nakai and Kamide [2004, equation (1) This formula was derived from the region 15.0 < R < 30.6 R E and used to plot the gray line in Figure 3a of our paper.
[43] The tail lobe magnetic field at the onset of isolated substorms derived by Shukhtina et al. [2004, equation (5c) 
where P d is the solar wind pressure and measured with nPa, and E m is the merging electric field and measured with mV/m. This formula was derived from the region À15 > X > À35 R E and used to plot the gray lines in Figures 4c and 4d of our paper.
[44] The lobe total magnetic flux at the onset of isolated substorms derived by Shukhtina et al. [2005, equation (2) 
This formula was derived from the region À15 > X > À32 R E and used to plot the gray line in Figure 5 of our paper.
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